In contrast to the current paradigm of using microbial monocultures in most 17 biotechnological applications, increasing efforts are being directed towards engineering 18 mixed-species consortia to perform functions that are difficult to program into individual 19 strains. Additionally, the division of labor between specialist species found in natural 20 consortia can lead to increased catalytic efficiency and stability relative to a monoculture or 21 a community composed of generalists. In this work, we have designed a synthetic co-22 sucrose as a carbon source and to perform the biotransformation of 2,4-DNT. The division 41 of labor in this synthetic co-culture is reminiscent of that commonly observed in microbial 42 communities and represents a proof-of-principle example of how artificial consortia can be 43 employed for bioremediation purposes. Furthermore, this co-culture system enabled the 44 utilization of freshwater sources that could not be utilized in classical agriculture settings, 45 reducing the potential competition of this alternative method of bioproduction with 46 current agricultural practices, as well as remediation of contaminated water streams. 47 48 49 consortia; bioproduction 50 polyhydroxyalkanoate (PHA) (Figure 1 ). This was accomplished through the pairing of an 131 engineered strain of P. putida, containing the genes needed to both metabolize sucrose and 132 to degrade 2,4-DNT with the sucrose-exporting S. elongatus CscB encapsulated in alginate 133 hydrogel beads. Approaching the bioremediation of this compound via the synthetic 134 consortium method allows for the bioprocess to be photosynthetically powered while 135 avoiding the complexities of introducing a new enzymatic pathway into photosynthetic 136 cyanobacteria. We demonstrated that these co-cultures can successfully execute the 137 biotransformation of 2,4-DNT via the engineered pathway and are also able to accumulate 138
culture for phototrophic degradation of xenobiotics, composed of a cyanobacterium, 23 (Synechococcus elongatus PCC 7942) and a heterotrophic bacterium (Pseudomonas putida 24 EM173). Cyanobacteria fix CO2 through photosynthetic metabolism and secrete sufficient 25 carbohydrates to support the growth and active metabolism of P. putida, which has been 26 engineered to consume sucrose as the only carbon source and to degrade the 27 environmental pollutant 2,4-dinitrotoluene (2,4-DNT). The synthetic consortium is able to 28 degrade 2,4-DNT with only light and CO2 as inputs for the system, and it was stable over 29 time through repeated backdilutions. Furthermore, cycling this consortium through low 30 nitrogen medium promoted the accumulation of polyhydroxyalkanoate (PHA)-an added-31 value biopolymer-in P. putida, thus highlighting the versatility of this production platform. 32
Altogether, the synthetic consortium allows for simultaneous bioproduction of PHA and 33 remediation of the industrial pollutant 2,4-DNT, using light and CO2 as inputs. 34 35 Importance: 36
In this study, we have created an artificial consortium composed of two bacterial 37 species that enables the degradation of the industrially-produced environmental pollutant 38 2,4-DNT while simultaneously producing PHA bioplastic. In these co-cultures, the 39 photosynthetic cyanobacteria fuel an engineered P. putida strain programmed both to use 40 Introduction 51
In nature, bacteria typically co-exist in communities with hundreds to thousands of 52 other microorganisms, creating a complex web of inter-species metabolic reactions (1-4). 53
Most consortia exhibit a high degree of "division of labor," where individual species have 54 specialized metabolisms and exchange metabolites and signals with neighbors (5, 6). 55
Interactions range from the cooperative degradation of toluene (7, 8) to the consumption 56 of metabolic waste products (9). Compartmentalization of metabolism across distinct 57 species can confer metabolic capabilities on a consortium that may be difficult to engineer 58 within any one individual. Additionally, natural microbial consortia frequently exhibit a 59 high degree of robustness in the face of dynamic environmental conditions and are resilient 60 to invasive microbes (10, 11). Thus, there has been increasing interest in rationally 61 engineering microbial consortia for desired outputs by dividing metabolic pathways across 62 species (12) . 63 4 Previous work from our laboratory and others has focused on the utility of strains of 64 cyanobacteria engineered to export photosynthetically-generated sucrose through the 65 heterologous expression of the cscB gene from Escherichia coli, encoding sucrose permease 66 (13) (14) (15) . In one study utilizing this engineered strain of Synechococcus elongatus PCC7942 67 (hereafter, S. elongatus CscB), sucrose secretion was such that hypothetical scaled 68 production would significantly exceed current productivities of traditional sugar crops like 69 sugar cane, sugar beet, and corn (13). As such, the strain has been utilized on numerous 70 occasions as a photosynthetic module in synthetic co-cultures as a supplier of fixed carbon 71 for heterotrophic partners (16) (17) (18) (19) (20) , including a recent report where co-cultures were 72 maintained for longer than 5 months of continuous co-culture (21). Communally, these 73 works have demonstrated that the S. elongatus CscB strain can be flexibly paired with a 74 variety of heterotrophic bacteria [Escherichia coli W (16), Bacillus subtilis (16), Azotobacter 75 vinelandii (18, 19) , Halomonas boliviensis (21), and Pseudomonas putida (17) ] and yeasts 76 [Saccharomyces cerevisiae (13, 16) , Cryptococcus curvatus (20) , and Rhodotorula glutinis 77 (20) ] and demonstrated that these co-cultures can be used to photosynthetically produce 78 valued biological products, e.g., α-amylase (16), fatty acids (20) , and 79 polyhydroxyalkanoates (PHA) [e.g., poly(3-hydroxybutyrate) (PHB) (17) (18) (19) 21) ]. In work 80 from Smith and Francis (19) as well as our lab (21) it was shown that S. elongatus CscB 81 could be immobilized within hydrogels; this both enhanced carbon flux into sucrose 82 production and allowed the cyanobacteria to exchange diffusible metabolites in medium, 83 while enabling the heterotrophic cells to be readily harvested separately. Taken together, 84 this co-culture approach has potential as a platform to enable the modular photosynthetic 85 production of a flexible array of bioproducts. 86 A primary concern when considering large-scale aquatic based bioproduction, is 87 that global potable water supplies are coming under increasing strain; scaled applications 88 5 of algae or cyanobacteria would be more sustainable if they can utilize marginal waters not 89 suitable for other agricultural purposes (22). Industrial wastewater streams are one such 90 example, as they are often contaminated with chemical compounds toxic to both flora and 91 fauna. 2,4-Dinitrotoluene (2,4-DNT) is a nitroaromatic compound and is one of a diverse 92 array of xenobiotics that have been released into the environment due to industrial 93 synthetic chemistry and other manufacturing processes (23). While 2,4-DNT is produced as 94 a by-product during polyurethane and pesticide synthesis, one of the most significant 95 sources of these contaminants is explosive manufacturing (24). One 2,4,6-trinitrotoluene 96 (TNT)-manufacturing plant can contaminate five hundred thousand gallons of water with 97 TNT and other nitroaromatics in a single day (25), and at some munitions manufacturing 98 and processing sites, soil contamination is as high as 200 g of TNT per kilogram of soil (26). 99
These compounds are highly stable within the environment, and remediation costs via 100 incineration are estimated near $400 USD per cubic yard of soil (27) . 101
Despite the fact that these nitroaromatic compounds have only recently been 102 introduced into the environment, a number of bacterial strains capable of mineralizing 103 these unusual chemical structures have been isolated (23, 24, 28). The most common 104 mechanism by which 2,4-DNT is processed is through one or two-electron reduction via 105 non-specific nitroreductases (29). Enzymes containing a redox-active flavin or iron center 106 are especially prone to perform these reactions (30). Single electron reductions 107 temporarily reduces the nitro group but it is then immediately re-oxidized in the presence 108 of molecular oxygen resulting in the generation of a superoxide, the accumulation of which 109 can lead to the ROS stress response (31). Two electron reductions result in the production 110 of a toxic hydroxylamino derivative ( Figure 3B ) that can react with DNA and cause 111 subsequent mutations (30). The nitroso-and hydroxylamino-derivatives are even more 112 toxic than their parent molecule, able to form DNA and protein adducts that lead to 113 6 mutagenesis and cellular damage (24, 32). Additionally, the derivatives from reduced 114 nitroaromatics continue to persist in the environment (33), further emphasizing the need 115 for alternative methods of degradation that allow for the complete biotransformation of 116 these compounds. 117
A separate, oxidative pathway for degrading 2,4-DNT was identified in Burkholderia 118 sp. R34, a strain isolated from surface water contaminated by an ammunition waste plant 119 (34). The gene cluster responsible for processing 2,4-DNT has been identified (34-36) and 120 contains 7 genes. Enzymes within the dnt degradation pathway share homology with 121 enzymes that function as part of an existing naphthalene degradation pathway in 122
Burkholderia sp. R34 and proceed through oxidative steps that release nitrite. This suite of 123 genes has since been chromosomally integrated into a strain of Pseudomonas putida EM173 124 via a Tn7 construct to facilitate the analysis of this pathway (37, 38). P. putida is generally 125 considered a reliable chassis for studying the biodegradation of organic compounds due to 126 its tolerance of organic solvents (39) and versatile central metabolism (40, 41) . 127
In this study, we explore whether the aforementioned synthetic consortium method 128 Figure 2A ). The toxicity of this compound at these concentrations is highly relevant as 152 leachates from soil contaminated with TNT and its breakdown products have been 153 recorded as high as 98 µM (44). Chl a concentration is commonly measured as a proxy for 154 physiological stress in cyanobacteria as chlorophyll a concentrations are strongly 155 influenced by a variety of stress conditions (45) (46) (47) . Cultures at concentrations of 2,4-DNT 156 ranging from 31 μM to 125 μM exhibited an overall loss of Chl a ( Figure 2B ). This 157 progressive loss of Chl a aligned with visual chlorosis and bleaching of these cultures; this 158 observation was consistent at multiple 2,4-DNT concentrations and at higher starting 159 culture densities ( Figure S1 in the Supplemental Materials). These preliminary experiments 160 indicated that planktonic cyanobacteria are highly sensitive to even low concentrations of 161 8 2,4-DNT, which would complicate their ability to be engineered to directly degrade this 162 nitroaromatic. Further, the viability loss of planktonic S. elongatus CscB would need to be 163 mitigated for any co-culture applications targeting the remediation of these compounds. 164
In previous work (21), we utilized alginate hydrogel encapsulation of S. elongatus 165 CscB to stabilize a co-culture with Halomonas boliviensis under prolonged nitrogen stress 166 conditions. Encapsulation has been used for the immobilization of a variety of cell types, 167 and has often led to increased stress tolerance, cell longevity, and metabolic flux toward 168 target end products (48-53). Alginate-encapsulated S. elongatus CscB cells did not exhibit 169 chlorosis in the presence of 2,4-DNT, even when the concentration was raised to 250 μM, 170 near the solubility limit for this compound ( Figure S2 in the Supplemental Materials). We 171 then exposed encapsulated S. elongatus CscB cells to 2,4-DNT at 250 μM for 7 days while 172 simultaneously inducing expression of the CscB exporter. Chl a was extracted from the 173 beads and measured via spectrophotometry ( Figure 2C ). The data show that while the 174 induction of cscB expression leads to a slight decrease in relative Chl a levels, the addition 175 of 2,4-DNT to alginate-encapsulated cyanobacteria did not further decrease Chl a 176 concentration. Similarly, the Chl a concentration per cell was maintained at a level similar 177 to that of planktonic cells grown under our laboratory conditions ( Figure S3 in the 178 Supplemental Materials). Finally, we measured sucrose export rates from IPTG-induced, 179 encapsulated S. elongatus CscB in the presence of increasing 2,4-DNT concentrations 180 ( Figure 2D ). Sucrose export was maintained for multiple days despite exposure to 125 or 181 250 µM 2,4-DNT. Altogether, alginate encapsulation appears to stabilize S. elongatus when 182 exposed to high levels of 2,4-DNT over long time periods. 183 9 Engineering P. putida EM173 for sucrose consumption and evaluation of growth 184 parameters in the presence of alginate-encapsulated S. elongatus CscB 185
We next set to construct strains of P. putida strains (i) that can utilize sucrose as the 186 only carbon source and (ii) capable of degrading 2,4-DNT. P. putida does not normally 187 utilize sucrose as a carbon substrate. The specific strains we used are derivatives of the 188 genetically-tractable, prophage-less P. putida strain EM173 (54). To enable sucrose 189 consumption by P. putida EM173, we first transformed this strain with plasmid pSEVA221-190 cscRABY (55, 56), bearing the sucrose utilization genes from P. protegens Pf-5 ( Figure 3A declined in a near linear fashion from 20 g/L to < 3 g/L at 24 h. As sucrose was the only 209 added carbon source and we could clearly observe the consumption of sucrose over time, 210 these data definitively demonstrate that the pSEVA221-cscRABY vector enabled sucrose 211 utilization in these two strains. 212
We cultured our doubly-modified P. putida EM·DNT·S in the presence of a range of 213 sucrose concentrations to determine if this strain is capable of growing on a minimal 214 medium designed for cyanobacterial growth with sucrose as a sole carbon source. For this 215 purpose, we generated a phosphate buffered minimal medium derived from BG-11, herein 216 referred to as M3 medium (Table S1 in the Supplemental Material). To gauge the growth 217 capacity of P. putida EM·DNT·S under these conditions, we inoculated M3 medium that did 218 not contain a carbon source, and incubated cells overnight. This promoted acclimation to 219 the medium and depletion of internal carbon storage compounds that could confound the 220 accurate determination of growth in the M3 medium. These cells were washed with fresh 221 M3 medium before being inoculated into culture flasks with a range of sucrose 222 concentrations (0 g/L to 10 g/L) and growth was tracked for 54 h ( Figure 3C ). Bacterial 223 growth was evident at sucrose concentrations ranging from 1.25-10 g/L ( Figure 3C ), 224 though carbon may have been growth-limiting at concentrations lower than 2.5 g/L ( Figure  225 3C). These results confirm that the heterologous expression of the cscRABY genes from P. 226
protegens Pf-5 is sufficient to confer sucrose utilization on P. putida in our background 227 strain bearing the 2,4-DNT degradation gene cluster, and indicated that the engineered P. 228 putida strain can grow in the cyanobacterial M3 medium-setting the basis for conducting 229 co-cultures. 230
Growth of engineered P. putida strains is supported by sucrose-rich 231 cyanobacterial exudates in a synthetic consortium system 232 We next explored how the engineered P. putida strains (P. putida EM·S and P. putida 233 EM·DNT·S) behaved in co-culture. The P. putida strains, grown overnight in M3 medium 234 with 20 g/L sucrose, were inoculated at OD600 ~ 0.1 into culture flasks containing either 235 empty alginate beads or alginate beads with encapsulated S. elongatus CscB ( Figure 3D ). In 236 the first 48 h, both P. putida strains the OD600 continued to increase in all flasks, despite the 237 absence of a carbon source in the flask containing empty alginate beads. Internal stores of 238 carbon likely drove this residual growth in P. putida. However, these carbon stores 239 appeared to be depleted after this period of time as the optical density of the cultures 240 containing empty alginate beads declined over the next 24 h ( Figure 3D ). At 96 h, the 241 culture supernatant was removed from all co-cultures, leaving the S. elongatus CscB 242 alginate beads in place. Fresh medium was added and the co-culture densities were tracked 243 for another 120 h ( Figure 3D ). Only the P. putida strains in flasks with alginate beads 244 containing S. elongatus CscB showed signs of regrowth after the medium exchange, with 245 OD600 increasing from 0.1 at 96 h to 0.5-0.6 at 216 h. These results demonstrate the P. 246 putida strains tolerate and can utilize the exudates from the beaded S. elongatus CscBs, and 247 are not significantly utilizing the alginate beads as a carbon source. These results are in 248 agreement with previous work that utilized P. putida EM·S and S. elongatus CscB (17), 249
indicating that these species are compatible under light-driven co-culture conditions. 250
Biotransformation of 2,4-DNT by engineered P. putida EM·DNT·S in both 251
monoculture and co-culture 252
We next examined the functionality of the 2,4-DNT degrading gene cluster in P. 253 putida monocultures in M3 medium supplemented with 2 g/L sucrose as the sole carbon 12 source. The dnt cluster is of significant interest to numerous research groups due to the fact 255 that it is an actively evolving pathway (57, 58) and its unique biological processing of 2,4-256 DNT (28). This enzymatic pathway enables the oxidative degradation of 2,4-DNT, relying 257 on two key successive dioxygenations of the 2,4-DNT substrate mediated by DntA and DntB 258 ( Figure 4A ). 2,4-DNT is first dioxygenated by DntA to form 4-methyl-5-nitrocatechol 259 (4M5NC), a compound with a strong absorption peak at 420 nm (57). 4M5NC is the 260 substrate of DntB, which catalyzes another oxygenation reaction, transforming 4M5NC into 261 2-hydroxy-5-methylquinone (2H5MQ), an intermediate with an absorption peak at 485 nm 262 (57). 2H5MQ is then processed by a number of additional genes encoded in the pathway 263 allowing for the complete mineralization of 2,4-DNT ( Figure 4A ) (34, 36). 264
We examined the transformation of 2,4-DNT by either P. putida EM·S or P. putida 265 EM·DNT·S strains over time ( Figure 4B with the non-degrading P. putida EM·S strain ( Figure 4B ). 276
We further verified that the colorimetric changes in the supernatant of P. putida 277 EM·DNT·S exposed to 2,4-DNT could be attributed to breakdown of the compound through 278 the heterologous dnt pathway. An 8h time-course experiment was performed with 279 13 additional time points in which both strains of P. putida were grown in M3 medium with 2 280 g/L sucrose during which the cultures were sampled and the supernatant extracted. The 281 absorbance spectra of P. putida EM·DNT·S supernatants exhibited a characteristic rise in an 282 absorption peak at 420 nm over time until 4 h, at which time a second absorption peak at 283 485 nm became evident ( Figure 4C EM·DNT·S monocultures, indicating that the exogenous pathway retained its function in the 330 consortium system. These results demonstrate that this system can provide a directed 331 method for the photosynthetically-driven degradation of 2,4-DNT. Subsequent LC-MS 332 testing of co-culture supernatants shortly (1 h) and 24 h after inoculation of the co-culture 333 with 2,4-DNT revealed that, as in previous monoculture experiments, the P. putida 334 EM·DNT·S co-cultures accumulated 4M5NC ( Figure 5C ). This observation, again, indicates 335 that 2,4-DNT is being degraded via the oxidative pathways in these co-cultures. 336
We initiated a longer duration co-culture in which we inoculated both strains of P. 337 putida into culture flasks with encapsulated S. elongatus CscB cells and followed the 338 cultures for 15 days, exchanging the culture supernatant every 4-5 days with fresh medium 339 containing 250 μM 2,4-DNT ( Figure 5D ). Regrowth of P. putida strains following 340 backdilution indicate stable repopulation, allowing for continual degradation of the 2,4-341 DNT ( Figure 5D ). The total mass of 2,4-DNT cleared by the P. putida EM·DNT·S strain over 342 this period amounts to ca. 4 mg. 343 Figure 6A ). These flasks contained either M3 or M3-N medium, the latter of which has 350 a reduced nitrogen content (2mM NH4Cl) (Table 3 .S1). Twenty four hours after cycling into 351 the nitrogen deplete medium, cell culture was harvested, dried, and processed for 352 16 quantification of methyl esters of alkanoic acids by high-pressure liquid chromatography 353 (HPLC; see Methods). Processing of these samples showed that both P. putida EM·S and P. 354 putida EM·DNT·S co-cultures in nitrogen deplete medium accumulated 4.9 and 5.1 mg 355 PHA/L of culture, resulting in polymer contents of 22 and 23.4 mg of PHA/g cell dry weight, 356 respectively. 357
Simultaneous 2,4-DNT biodegradation and PHA bioproduction by engineered

Discussion 358
In this work, we demonstrate metabolic division of labor within an artificial 359 microbial co-culture consisting of engineered strains of S. elongatus PCC 7942 and P. putida 360 EM173. In this consortium, S. elongatus CscB produces soluble sugars using light and CO2 as 361 inputs, providing sufficient organic compounds to promote the growth of co-cultivated 362 strains of P. putida. In turn, we demonstrate that P. putida simultaneously degrades the 363 environmental pollutant 2,4-DNT while producing the bioplastic precursor, PHA. 364
We have shown that encapsulation of S. elongatus CscB cells in alginate hydrogel 365 beads allowed the cyanobacteria to persist in the presence of 2,4-DNT (Figs. 3.S1-S2 in the 366 Supplemental Materials) and maintain consistent production of sucrose after culture back 367 dilution. Encapsulated cyanobacteria tolerated concentrations of 2,4-DNT 5 times higher 368 than could be tolerated by planktonic cyanobacterial cultures and did so without 369 significantly changing chlorophyll a content ( Figure 2BC ). While there is precedence for the 370 improved resilience of cells that are encapsulated within hydrogels (21, 59), the 371 mechanism by which this occurs has yet to be elucidated. Future work to investigate how 372 encapsulation modulates cyanobacterium stress response to nitroaromatic compounds 373 could yield genetic targets that could be modified to bolster the resilience of the 374 cyanobacteria without the need for mechanical encapsulation. 375 P. putida is a gram-negative soil bacterium that has recently gained significant 376 attention as a chassis for industrially-relevant synthetic biology. This is in part thanks to the 377 full sequencing (40) and subsequent generation of P. putida strains (e.g., P. putida EM173 378 used in this work) with reduced genomes that demonstrate enhanced expression of 379 heterologous proteins (54). P. putida's metabolic diversity and high tolerance of oxidative 380 stress make it an ideal model organism for studying toxin remediation as well as 381 bioproduction of added-value compounds (41). The introduced oxidative 2,4-DNT 382 degradation pathway ( Figure 4A ) is chromosomally integrated in this strain. While this 383 pathway avoids generating highly reactive intermediates with hydroxylamino groups, the 384 proteins in this pathway are not yet fully optimized for this new substrate (38, 57), leading 385 to the production of oxidative stress in the Burkholderia sp. R34 from which the pathway 386 originates (38). This oxidative damage is thought to contribute to an increased rate of 387 mutation and fosters a more rapid evolution of this strain to combat oxidative stress (38). 388
While P. putida has also been shown to experience increased oxidative stress when actively 389 utilizing this pathway, this species does not exhibit the same rate of DNA damage and 390 mutation (37). Thus, the physiological properties of P. putida allow for more efficient use of 391 an imperfect 2,4-DNT degradation pathway. Evolving or engineering this pathway toward 392 increased specificity for 2,4-DNT could allow for improved kinetics and reduced ROS 393 generation. Conversely, the lower substrate specificity might allow this pathway to be 394 redirected toward the degradation of other types of nitroaromatic pollutants from other 395 industrial processes (23). Figure 5D ), it is possible to conceive of a 416 photobioreactor that would allow for continual introduction of 2,4-DNT-contaminated 417 wastewater. Here, the full media exchanges associated with long-term flask-based co-418 cultures allowed us to demonstrate the ability of these co-cultures not only to remediate 419 this compound but also produce the bioplastic precursor polyhydroxyalkanoate (PHA). 420
While sustainable production of PHA has been pursued in other contexts, this is, to 421 our knowledge, the first report in which PHA formation has been concurrent with the 422 degradation of a xenobiotic compound. In comparison to an independent report that aimed 423 to optimize PHA production from batch cultures of S. elongatus-P. putida (17) , we achieved 424 a lower specific productivity in cultures simultaneously degrading 2,4-DNT. Increased 425 19 productivities of PHA might be achieved by modifying total nitrogen supplied, duration of 426 nitrogen starvation, or concentration of 2,4-DNT. Of note, we observed no appreciable 427 difference in P. putida growth rates between co-cultures in nitrogen replete or in low 428 nitrogen (2mM nitrate). This raises the possibility that P. putida may be able to utilize an 429 unknown cyanobacterial by-product as a nitrogen source, and additional optimization may 430 be required to fully activate PHA production pathways. 431
One question that arose as part of this work was whether the presence of P. putida 432 EM·DNT·S provides a protective effect to S. elongatus CscB in co-cultures fed with 2,4-DNT 433 contaminated medium. If this were the case, it would shift this relationship from a 434 commensal to a more mutualistic relationship where each species benefits from the 435 presence of the other. Pursuing longer-term cultures with even more rigorous exposure to 436 2,4-DNT could reveal whether P. putida EM·DNT·S might provide such a protective effect. 437
We show that these artificial co-cultures are not only capable of utilizing media 438 contaminated with a toxic xenobiotic, but also of producing the bioplastic PHA. A scaled 439 version of this system could hypothetically take wastewater effluent from industrial 440 sources contaminated with 2,4-DNT, remediate the water allowing it to be utilized for other 441 functions, and provide a mechanism by which PHA could be produced. The more 442 immediately relevant take-away from this work is that photosynthetic co-cultures utilizing 443 S. elongatus CscB are flexible both in its partnerships with other microbes as well as the 444 intended functionality of the system. This creates opportunities for more advanced and 445 complex co-cultures with new functions and constituents that we hope will not only 446 provide solutions to modern conflicts, but also inform us on how nature of symbiotic 447 relationships develop in the natural world. 448 20
Methods 449
Bacterial strains and culture conditions 450 Planktonic S. elongatus strains were grown as previously described (21) within a 451
Multitron Pro (Infors) photobiological shaker at 32°C, 2% CO2, and a constant illumination 452 of ~70 μmol m -2 s -1 (15W Grow-Lux; Sylvania). Selection for the genomically-integrated 453 cscB cassette was maintained during with the addition of 12.5 ug/mL chloramphenicol to 454 the medium. P. putida strains were constructed as reported previously (55, 57). During 455 routine cultivation, P. putida strains with an integrated dnt degradation cassette were 456 maintained with 25 μg/mL gentamicin while strains transformed with plasmid pSEVA221-457 cscRABY were maintained with 50 ug/mL kanamycin. LB cultures were at 32°C in a 458
Multitron (Infors) incubator with rotary agitation at 150 rpm. For co-culture experiments, 459 P. putida cultures grown in LB were resuspended in M3 medium (see Table S1 in the 460 Supplemental Material) with either 20 g/L or 2 g/L sucrose, as indicated. These cultures 461 were then used as inoculum for subsequent experiments. Antibiotic selection was omitted 462 for all co-culture experiments. 463
Encapsulation of S. elongatus CscB in alginate beads 464
Alginate encapsulation was performed as previously described (21) with minor 465 adjustments. Briefly, planktonic S. elongatus CscB cells grown in BG-11 medium + 1g/L 466 HEPES (pH 8.3; Sigma) were harvested at an optical density at 750 nm (OD750) of 2.0 via 467 centrifugation at 3,500×g for 30 min and concentrated in 3 mL of sulfur-free BG-11. 468
Concentrated cells were mixed into a sterile and degassed volume of 3% (wt/vol) sodium 469 alginate at a final OD750 = 5.0; a ~2.75% (wt/vol) sodium alginate-S. elongatus CscB 470 suspension. In a sterile biosafety cabinet, a vertically-oriented syringe pump (KD Scientific, 471 21 Holliston, MA) was used to dispense the solution dropwise through a 30 G needle into a 472 ≥20-fold larger volume of 20 mM BaCl2. The drops traveled ~35 cm from needle to the 473 slowly stirred BaCl2 solution and were allowed to cure in the solution for at least 20 min. 474
Solidified beads were rinsed once with BG-11 medium and incubated overnight in M3 475 medium (minus the 100 mM NaCl). To acclimate cells within the alginate and precipitate 476 residual Ba 2+ , beads were transferred through a series of media washes in following days. 477
The first day post-encapsulation, beads were rinsed and resuspended in fresh M3 medium 478 (without NaCl), transferred to 250-mL baffled Erlenmeyer flasks, and placed into a 479
Multitron Pro (Infors) and shaking (125 rpm), as above for 24 h. Subsequently, M3 medium 480 was exchanged, and the alginate beads were portioned in ~10-mL aliquots into 125-mL 481 baffled Erlenmeyer flasks. To acclimate cells to final salt concentrations, medium was 482 replaced with M3 with only 25 mM NaCl for 24 hours, then M3 with 50 mM NaCl for 24h, 483 and finally to complete M3 (with 100mM NaCl). The medium was subsequently refreshed 484 daily for 3-5 days prior to initiation of experiments. In the cases where the beads would be 485 utilized in co-culture, cscB expression was induced with the addition of +1mM IPTG 24 486 hours prior to addition of P. putida cells. Media was exchanged a final time coincident with 487 addition of P. putida. 488
Analytical methods 489
Culture optical densities were measured with a Genesys 20 (Thermo Fisher 490 Scientific, Waltham, MA) spectrophotometer. Planktonic S. elongatus CscB was measured at 491 OD750, and both co-culture experiments and P. putida monocultures were measured at 492 OD600. This spectrophotometer was also used to measure chlorophyll a concentrations of 493 planktonic S. elongatus cultures, as in (62). For chlorophyll a measurements in alginate-494 encapsulated S. elongatus, 1 mL of pre-chilled methanol was added to four alginate beads, 495 22 with 3 technical replicates. Beads were vortexed and incubated at 4°C for 30 min in the 496 dark to extract chlorophyll. Absorbance of the supernatant was measured in cuvettes at 497 720 nm and 665 nm to calculate the final chlorophyll a concentration as previously 498 described (62). 499
Sucrose concentration of beaded cultures was measured as indicated previously 500 (21). Briefly, 1 mL of culture supernatant was withdrawn at indicated time points, cells 501 were pelleted at 17,000×g for 10 min, and supernatant sucrose was quantified via 502 sucrose/D-glucose assay kit (Megazyme, Bray, Ireland) with 3 technical replicates for each 503 sample (21). 504
Culture supernatant spectra were measured using a DU800 Spectrophotometer, 505 (Beckman Coulter, CA, USA). Cell-free culture supernatant was obtained by centrifugation 506 for 10 min at 17,000×g. The supernatant was then transferred to a cuvette for spectral 507 analysis. 508 GC/MS and LC/MS detection and quantitation were performed at the Michigan State 509
University Mass Spectrometry and Metabolomics Core. 2,4-DNT measurements were made 510 using an Agilent 5975 GC/single quadrupole MS. Culture samples were centrifuged at 511 17,000×g for 10 min and 10 μL of cell free supernatant were removed to a new tube. 50 μL 512 of ethyl acetate was added to the supernatant and allowed to incubate at room temperature 513 for 30 min. The 50 μL of ethyl acetate was then transferred to a GC vial and injected 514 (injection volume 1 μL). Samples were separated with a 5% phenyl-methyl capillary 515 column (Agilent) and measured by Mass Selective Detector (MSD). A temperature of 275°C 516 was set for the split/splitless injector (ratio of 10:1). Helium gas was used as the carrier gas 517 at a flow rate of 1 mL/min. 518 LC/MS measurements were made using a Waters Xevo G2-XS UPLC/MS/MS 519 (Waters). Culture samples were harvested and pelleted via centrifugation (17,000×g for 10 520 23 min). A 100-μL aliquot of the supernatant was then transferred to a clean tube, lyophilized, 521 and resuspended in 1 mL deionized water. Supernatant samples were harvested from 522 culture and HPLC Measurements of PHA accumulation were made with a Waters 2695 523 HPLC. Samples were process and analyzed as previously described (21). Briefly, cells were 524 centrifuged at 17,000×g for 10 min, the supernatant decanted, and the pellet was 525 lyophilized. The cell biomass was dissolved in 1 mL of concentrated sulfuric acid, heated to 526 90 °C for 1 h, cooled to room temperature, and then diluted 100-fold with deionized water. 527 
